To evaluate the effect of fish growth on mercury (Hg) and polychlorinated biphenyls (PCBs) bioaccumulation, a non-steady state toxicokinetic model, combined with a Wisconsin bioenergetics model, was developed to simulate Hg and PCB bioaccumulation in Bluegill (Lepomis macrochirus). The model was validated by comparing observed versus predicted Hg and PCB 180 concentrations across 5 age classes from five different waterbodies across North America. The non-steady state model generated accurate predictions for Hg and PCB bioaccumulation in three of five waterbodies: Apsey, Sharbot and Stonelick Lake. The poor performance of the model for the Detroit River and Lake Hartwell, which were two well-known contaminated sites with possibly high heterogeneity in spatial contamination, was attributed to changes in the feeding behavior and/ or change in prey contamination. Model simulations indicate that growth dilution is a major component of contaminant bioaccumulation patterns in fish especially during early life stages and was predicted to be more important for hydrophobic PCBs compared to Hg. Simulations which considered tissue specific growth provided some improvement in model performance particularly for PCBs in fish populations which exhibited changes in their whole body lipid content with age. Higher variation in lipid growth compared with that of lean dry protein was also observed between different bluegill populations which Accepted Manuscript: Environmental Toxicology and Chemistry (Feb 14, 2018). Li et al.
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INTRODUCTION
Mercury (Hg) and polychlorinated biphenyls (PCBs) are globally dispersed pollutants with high potential for bioaccumulation in aquatic species (McIntyre et al. 2007 ). Both of these chemical groups present human health risks due to exposure through the consumption of contaminated fish and shellfish (Watanabe et al. 2003) . In order to improve risk assessment predictions and develop appropriate mitigation solutions that help reduce the bioaccumulation of these toxic pollutants in biota and minimize exposure risks to higher level consumers, it is imperative to accurately predict Hg and PCB bioaccumulation in fish. Despite Hg and PCBs being the most frequent cause of fish consumption restrictions (US EPA 2010 &2014; OMOE 2016), most research typically focus on one of these legacy pollutants. Direct comparisons of Hg and PCB bioaccumulation dynamics are rare assumedly due to the different instrumentation requirements for analysis, as well as differences in their environmental speciation, fate, and the physiological mechanisms regulating their assimilation, biotransformation and elimination pathways (Mason et al. 1995; Gobas et al. 1999 ). Yet, there are many commonalities among the general bioaccumulation characteristics for these two pollutants such that common predictive models for understanding their bioaccumulation by fish have been proposed . Toxicokinetic bioaccumulation models adopt mass balance principles and use experimentally calibrated rate coefficients to describe pollutant uptake from water and food, whole body elimination, and growth dilution (Trudel and Rasmussen, 2001; McLeod et al. 2016 ). However, toxicokinetic rate constants determined via controlled laboratory experiments are often specific to experimental conditions and the test species utilized which can lead to inaccurate predictions when such coefficients are extrapolated to field conditions. To better address species responses to field conditions, toxicokinetic models have been coupled with species specific bioenergetic sub-models that address animal metabolic rate and growth responses to varying environmental conditions. Such bioenergetics models were developed to predict food consumption, gill ventilation, fecal egestion, and growth rates over the range of environmental conditions that an individual or population may experience at daily, seasonal, and annual temporal scales (Kitchell and Stewart, 1977; Trudel and Rasmussen, 2006) . Bioenergetic models have been calibrated for a wide variety of fish species thereby providing the capacity to predict changes in fish physiological processes across a wide range of temperature optima and allometric scaling coefficients (Madenjian et al. 2006; Holker and Haertel, 2004) . Thus, coupled bioenergetic-toxicokinetic models have the advantage of being scalable to the different environmental conditions that fish populations are likely to experience over their natural habitat range with life history characteristics such as ontogenetic diet shifts being easily incorporated into the model structure ). Further, combined bioenergetictoxicokinetic models provide the capacity to predict pollutant bioaccumulation under the assumption of non-steady state bioaccumulation which is frequently the condition for highly persistent and hydrophobic pollutants such as Hg and PCBs McLeod et al. 2016 ).
Toxicokinetic models developed for predicting Hg and PCB bioaccumulation are generally sensitive to fish growth rates as tissue growth (dilution) and weight loss (bioamplification) represent key factors for understanding differences in pollutant bioaccumulation within and among fish populations (Simoneau et al. 2005; Daley et al. 2014) . However, many food web bioaccumulation models assume fish growth to be constant over an animal's life (Gobas 1995 ), yet fish growth in nature is both time and temperature dependent such that growth rates vary with age and season (Ricker 1979) . Further, for Hg and PCBs, protein and lipid in tissues, respectively, dictate the maximum capacities for an individual to bioaccumulate these pollutants (Mackay, 1982; Roesijadi, 1992) . As such, differences in the rates of protein vs. lipid growth, i.e. the rate at which each of these tissue pools grow independent of measured whole body mass changes, could have contrasting effects of growth dilution on Hg and PCB potentially resulting in a decoupling of bioaccumulation trajectories between these pollutants.
In most bioaccumulation studies, growth is typically representative of whole body mass with individual tissue growth rates considered proportional to such somatic growth (Trudel and Ramussen, 2006; Drouillard et al. 2009 ). However, protein mass has a much stronger correlation to changes in whole body growth while the relationships between lipids and whole body mass are frequently weaker due to the supporting role of lipids as an energy reserve in many fish species (Overturf et al. 2016) . Finally, growth itself has an energetic cost, requiring additional food consumption to generate new tissue and satisfy routine metabolic rate. Therefore, growth dilution cannot be examined independently of chemical intake rates via food consumption. Bioenergetic models are thus necessary to tease out growth dilution effects while also considering associated changes in chemical intake rate.
The present study was developed to evaluate the effect of growth dilution on Hg and PCB bioaccumulation in different populations of Bluegill (Lepomis macrochirus) using a nonsteady state bioenergetic-toxicokinetic bioaccumulation model. Bluegills are a common fish species in North America. They inhabit shallow waters of the littoral zone, feed primarily on nearshore invertebrates and exhibit minimal ontogenetic diet shifts compared to large piscivores (Paterson et al. 2006) . Their affiliation with nearshore waters makes them subject to large seasonal changes in water temperature anticipated to influence annual growth owing to large seasonal changes in specific growth rate. These features make bluegills an ideal model species to evaluate growth dilution effects on contaminant bioaccumulation. Fish, aged 0 to 5 years, were collected from a set of five waterbodies over a latitudinal gradient ranging from 34° to 46° north 4 latitude ( Figure 1 ). This ensured that each population was subject to different thermal regimes known to impact annual fish growth. In addition, two of the sampling sites, Lake Hartwell and the Detroit River, are known to be contaminated systems. Lake Hartwell is a Superfund site owing to PCB releases from a capacitor manufacturer near Pickens, SC (Bzdusek, et al. 2006) while the Detroit River is designated as a Great Lakes Area of Concern with both PCBs and Hg listed as priority pollutants Szalinska et al. 2006) . Fish from different baseline contamination sites can assist with validating the effect of growth on various bioaccumulation scenarios.
The bioenergetic-toxicokinetic bioaccumulation model was used to simulate Hg and PCB accumulation with age in fish for each population using field measured growth rates and contrasted with empirical bioaccumulation trends. Two different simulations were contrasted for their predictive capability. Simulation 1, assumed lipid and protein compartment growth rates were proportional to whole body growth to predict Hg and PCB bioaccumulation for each population. Because most of the lean dry tissue (approximate 90%) is protein (Overturf et al. 2016) , lean dry weight (excluding moisture and lipid) was used to represent protein weight in the present study. Simulation 2 applied lipid and protein compartment growth rates of specific age and population. Goodness of fit tests were used to discriminate between the simulations and to test the hypothesis that a common bioenergetic-toxicokinetic bioaccumulation model incorporating age and/or tissue specific growth dilution can account for deviations in bioaccumulation patterns of Hg and PCBs in fish.
METHODS
Sampling. Multiple sizes (0.1 to 130.9 g) of Bluegill were collected in October, 2006 from Apsey Lake (46.2268° N, 81.7689° W), Sharbot Lake (44.7667° N, 76.6833° W), the Detroit River (42.2167° N, 83.1333° W), and Stonelick Lake (39.2203 ° N, 84.0725° W). Bluegills were also sampled in June, 2006 from Lake Hartwell (34.4652° N, 82.8455° W) . As shown in Figure 1 , Apsey Lake, Sharbot Lake, and the Detroit River are located in Canada, while Stonelick Lake and Lake Hartwell are located in US. Fish were stored at -30ºC prior to dissection. Biological data, including wet weight and total lengths, were catalogued. Otoliths were removed to determine the age of each individual. Each individual was then homogenized and analyzed for total Hg (THg), PCBs (PCB 17/18, 28/31, 33, 44, 49, 52, 70, 74, 87, 95, 99, 101, 110, 118, 128, 153, 105/132, 138, 149, 151/82, 158, 156/171, 170, 177, 180, 183, 187, 191, 194, 199, 195/208, 205, 206, and 209) , carbon and nitrogen stable isotopes.
Laboratory Analysis. Laboratory analysis was carried out at the Great Lake Institute for Environmental Research, University of Windsor. Standard operating procedures, which were accredited through the Canadian Association for Laboratory Analysis (CALA), were followed throughout the lab analysis. The procedures for THg, PCBs, nitrogen and carbon stable isotope analysis, as well as age determination are described in Supplemental Material. Because most of the THg (>95%) in fish is MeHg (Bloom 1992) , this study assumed that THg concentration equals MeHg concentration. In addition, changes in nitrogen stable isotope signatures were used as indicators of changes in the diets of fish populations with age, and changes in carbon stable isotopes were used as indicators of habitat changes ).
Water temperature. Annual water temperature cycle was estimated for each of the five waterbodies based on local air temperature, due to the unavailability of in situ field data. The detailed information regarding water temperature model is described in Supplemental Material.
Growth Model. Two growth scenarios were established from the measured whole body weight, lipid%, and lean dry weight% of each population and each age class. Scenario 1 was based on the whole body growth measured in each population. The proportion of lean dry protein and lipid was assumed to be constant and scaled to measured changes in whole body weight observed for each population across all age classes. Fish growth is dependent on water temperature (Berg and Bremset, 1998) , and therefore daily growth was apportioned such that the highest daily growth was achieved during the summer periods of warmest water temperatures and slowest during the winters. The whole body daily growth increment (∆Wwb.d; g) was calculated for each age class and population according to:
Where , and , are the mean body weights (g) of fish from a given population for the next age class and mean body weight (g) of fish from the same lake for the current age class being simulated, Td is the water temperature ( o C) for the day of year of the simulation derived from the water temperature submodel and ∑ is the cumulative degree days over a model year for a given lake. For each population, the mean % lipid and % lean dry weight across all age classes from a given population was computed and applied to the daily whole body weight increment determined from Eq. 1 to compute the daily change in lipid and protein pool weights.
Scenario 2 allowed lipid and protein composition to vary according to measured changes in proximate tissue composition between year classes in each population. Whole body weight growth changes were measured according to the same procedure described in Eq. 1. Daily growth increments of lipids ( ) and protein ( ) were generated in an analogous fashion to whole body weight increments. Thus for lipids, the daily weight increment was given as:
Where , and , are the mean total lipid weights (g) of fish from a given population for the next age class and mean total lipid weight (g) of fish from the same lake for the current
year class of simulation. The identical procedure was used to estimate daily weight increments ( ) of lean dry protein.
The daily growth rate of lean dry protein (kg,pro) and lipid weight(kg,lip) was also determined using the same procedure by factoring in time (t, d), according to:
Bioenergetic Model. The Wisconsin bioenergetic model for Bluegill was applied to predict daily food consumption rates, gill ventilation volumes, and fecal production rates for each day of the simulation. The model was similar to that described by Drouillard et al. (2009) , with a few changes in the algorithm based on the Bluegill physiological parameters. Food consumption rates (C; kJꞏg ), and EC is the energy assimilation efficiency from food (unitless).
GL and GP were calculated based on the aforementioned growth models by multiplying the energy value of the corresponding tissue with the daily weight increment estimated for each tissue type. Lipid carries an energetic value of 39.3 kJꞏg R is calculated using Equation 2 of the Wisconsin bioenergetic model version 3 (Hanson et al. 1997 ) described for Bluegill and is summarized as follows: (5) Where Wwb,d is fish body weight for a given day (g), A is activity multiplier (unitless), which is usually between 1 to 2 (A=1, 1.5, and 2 was each applied in this study to simulate 3 activity levels). SDA and U were estimated from the following equations:
EC was estimated for the diet according to Arnot and Gobas (2004) :
where XL,D and XP,D refer to the mass fraction of lipid and protein in the diet (unitless, assumed to be equal to the YOY composition), EL and EP are assimilation efficiencies of dietary lipid and protein (unitless, EL =0.92 and EP =0.60 were applied according to Arnot and Gobas, 2004) , the coefficients 39.3 and 18.0 are the energy density (kJꞏg -1 ) of lipid and protein, and EDFood is the total energy density (kJꞏg -1 ) of food, which is calculated as: (9) The consumption rate from eq 4 is converted into a mass flow (QC; g foodꞏg ) are required as inputs to the toxicokinetic submodel for PCB simulation. QEX and QV are calculated as:
Where CO2 is the concentration of oxygen dissolved in water (g O2ꞏmL -1 ) and EO2 is the oxygen extraction efficiency (0.60 unitless; McKim et al. 1985) across the gills. Oxygen concentrations were assumed to be saturated and estimated by: (13) Toxicokinetic Model. Since Hg uptake from water only represents 0.1% of the Hg accumulated in fish, aqueous uptake is considered negligible (Hall et al. 1997) . The daily change in Hg lean dry concentration was modeled by:
Where CP is the Hg lean dry weight concentration (ngꞏg ), and
kg,pro is the fractional growth of the protein compartment experienced over the daily increment (d -1 ).
The AEHg was set equal to 90% (Leaner and Mason, 2004, Li et al. 2015) . Cd,Hg of each site was estimated using Hg concentration of YOY from the corresponding site divided by a biomagnification factor (BMF). A calibrated BMF for each location was estimated using Hg concentration of YOY divided by the model best fit Cd,Hg, which was obtained by fitting Cd,Hg into the bioaccumulation model to achieve the best fit to field data. Calibrated BMFs from each lake were combined to generate a mean Bluegill BMF. The mean inter-lake BMF was then used for each lake to estimate lake specific Cd,Hg values as the model input. ktot for multiple species were taken from previous literature studies (Trudel and Rasmussen, 1997) , and the routine metabolic rate for each species was estimated by the Wisconsin bioenergetic model. The mean ratio of ktot to metabolic rate from the literature calibration data set was then used to estimate a daily ktot for Bluegill based on its metabolic rate estimated for a given simulation day. The estimated conversion factor for Bluegill was treated as: (15) For PCB simulations, PCB 180 was used as a representative congener as a result of its high hydrophobicity and commonality in elimination rate coefficient compared to Hg . Because lean dry protein has 5% of the lipid partitioning capacity for PCB (Debruyn et al. 2007) , the PCB concentration is normally expressed on a lipid-equivalent basis. According to the uptake and elimination mechanisms, the daily change in PCB lipid-equivalent concentration is:
Where CL is the lipid-equivalent PCB concentration (ngꞏg ).
The AEPCB was set equal to 60% (Liu et al. 2010) . Cd,PCB of each location was calibrated using PCB concentration of YOY from the corresponding site divided by a BMF. The BMF was obtained by the same procedure as for Hg. Under the assumption that PCB lipid concentration in YOY fish (CYOY,PCB) is at thermodynamic equilibrium with water PCB concentration, Cw is calculated according to:
Where KOW is octanol/water partition coefficient of the chemical (unitless). The gill elimination rate constant is calculated as: (18) Where KBW is the biota/water partition coefficient (unitless), which is estimated as: (19) Where XL,B and XP,B is the fraction of lipid and lean dry protein in the animal (unitless). The recommended algorithm for estimating Ew is given as: (20) Fecal elimination rate constants (kEX) were estimated by:
Where EEX is the PCB organism/fecal exchange efficiency (assumed to be equal to AEPCB), QEX is derived from eq 13, and KB,EX is the biota/feces partition coefficient (unitless). (22) Where XL,EX and XP,EX is the fraction of lipid and lean dry protein in the feces (unitless).
Following model validation against empirical data, model simulations were interpreted to provide further insight into the relative contributions of growth and whole body chemical elimination to chemical concentrations in fish. The fraction of chemical retained by fish was calculated for each age class and population as the ratio of total chemical mass in fish divided by the total amount of chemical assimilated by fish from food (and water for PCBs) over time. The magnitude of kg relative ktot was then contrasted to compare growth dilution and chemical elimination. For example, under the condition where kg = ktot, growth dilution and chemical elimination are of equal importance to chemical bioaccumulation and the fraction of chemical retained will be twice that of an equivalent simulation where kg is negligible in magnitude relative to ktot. This allowed comparing the effect of growth dilution vs whole body elimination between contaminants and between fish populations. For interpretation purposes, kg and ktot were expressed as ranges in daily rate coefficient values generated by the model over the time from each simulation.
Data Analysis. For all data analysis, PCB concentrations were expressed on a lipidequivalent weight basis, and THg concentrations were expressed in units of ngꞏg -1 lean dry weight. Analysis of variance (ANOVA) was used to test for differences among sampling sites in THg concentration and sum PCB concentration. Linear regression analysis was performed with ANOVA to test whether total wet weight, lean dry weight, lipid weight, THg concentration, PCB 180 concentration, and carbon and nitrogen stable isotope values were significantly related to fish age. Linear regression was also performed between measured and predicted chemical (PCB 180 and THg) concentrations. T-tests were used to test if the constant was significantly different from 0, and if slope was significantly different from 1. Prior to using parametric tests, normality and homogenous variance were tested by Kolmogorov-Smirnov and Levene's tests. Data that failed the normality test were log10 transformed. All statistical analyses were performed using IBM SPSS version 20 (IBM Corp., USA). Table 1 presents the summarized biological data, as well as THg and sum PCB concentrations. Significantly higher mean total length was found in Bluegill from the most southern lake, Lake Hartwell (9.6 ± 0.4 mm), compared with fish from northern lakes including Apsey Lake (7.5 ± 0.4 mm) and Sharbot Lake (7.8 ± 0.4 mm) (ANOVA, p<0.05). The mean body weights of Bluegill from the Detroit River (18.5 ± 3.3 g) and Lake Hartwell (16.9 ± 2.0 g) were significantly higher compared with those from Apsey Lake (9.6 ± 1.1 g) and Sharbot Lake (10.4 ± 1.5 g) (ANOVA, p<0.05). These results indicate that Bluegill from southern waterbodies tended to have larger body size than those from northern waterbodies.
RESULTS
Hg and PCB concentrations in Bluegill.
The THg lean dry weight concentration was positively related to age for fish from Apsey Lake, Sharbot Lake, Stonelick Lake, and Lake Hartwell (linear regression, p<0.05), but no significant relationship between THg lean dry concentration and age was found for fish from Detroit River. For PCBs, there were positive relationships between the sum PCB lipid-equivalent concentration and age for fish from Detroit River and Lake Hartwell (linear regression, p<0.05), but no significant relationship between sum PCB lipid-equivalent concentration and age for fish from Apsey Lake, Sharbot Lake, and Stonelick Lake. The field data commonly showed changes in chemical concentration with age, indicating that chemical accumulation in these fish did not achieve steady state across the age groups sampled.
Whole body and proximate tissue growth. Table 2 summarizes the total wet weight with age, as well as changes in lipid fraction and lean dry weight fraction for two growth scenarios. For fish from all locations, the whole body weights were linearly related to age (linear regression, p<0.05). The annual growth rates of fish whole body weight were higher in early life stages, and then shifted to a slower growth as fish aged. Table 2 also demonstrated the average tissue composition of Bluegill from each lake.
There were significant differences in lipid to whole body ratios among age classes for fish from Apsey Lake, Detroit River, and Stonelick Lake (ANOVA, P<0.05). For Apsey Lake and Detroit River, the lipid proportion was significantly higher for 0-1 years old fish compared with that of 5 year old fish; for fish from Stonelick Lake, significantly higher lipid fractions were found in 3-4 year old fish compared with 5 year olds. There were no significant differences in lean dry weight fractions between ages for fish from 4 of the 5 lake populations except for the Detroit River. In the case of the Detroit River, the lean dry weight proportion was significantly higher for 1-2 year old fish compared with 5 year old fish. The mean body mass of each age class and mean tissue to whole body ratio (across all age classes) at each location was applied to estimate daily growth of whole body, lipid and lean dry weight for scenario 1of the model simulations (Table 2) . For scenario 2, the age specific tissue to whole body ratio measured for each age class of each population was applied.
Carbon and nitrogen stable isotope signature. δ 15 N and δ 13 C signatures of fish populations from the five waterbodies are presented in Table 1 . No significant relationships were found between δ 13 C signature and age of fish from 4 of the 5 waterbodies except for the Detroit River (linear regression, p>0.05) where a significantly negative relationship between δ 13 C and age was observed. For Sharbot Lake, no significant relationship was observed between δ 15 N signature and age (linear regression, p>0.05). For fish from Apsey Lake, Detroit River, and Stonelick Lake, the δ 15 N values were positively related to age (linear regression, p<0.05). However, a negative relationship was observed between the δ 15 N values and age for fish from Lake Hartwell (linear regression, p<0.05). Overall, the δ 13 C signatures suggested that there might be a habitat shift for fish from Detroit River as they age, and the δ 15 N signature suggested that there was slight trophic level shift for fish from Apsey Lake, Detroit River, Stonelick Lake, and Lake Hartwell over time. The isotope data provide support for ontogenetic diet shifts by the different fish populations which could translate into differences in prey composition and contamination as a function of fish age.
Model simulations. Hg and PCB 180 concentrations were simulated using each of the two growth scenarios and toxicokinetic parameters developed from previous studies. To examine the goodness of fit of each growth scenario model, linear regression was performed between the measured chemical concentrations and modeled chemical concentrations (only A=1.5 was considered). The chemical concentrations were log 10 transformed to conform to normal distribution. Figure 2 presents linear regressions between measured and predicted Hg and PCB 180 concentrations at each location. The linear regression equation was y=0.9916x-0.0315 (R 2 =0.88) for growth scenario 1, and y=0.988x-0.0197 (R 2 =0. 89) for growth scenario 2 when combined across chemicals and populations. The constants of both regression were not significantly different from 0 (t-test, p>0.05), and the slope was not significantly different from 1(t-test, p>0.05), which indicated a high predictive ability of the model under both growth scenarios. Table 3 summarizes linear regression equations of measured and predicted concentrations for each chemical from each location. For Hg, the two growth scenarios provided similar results for all locations except for the Detroit River. The growth scenario 2 provided a better prediction compared with growth scenario 1 for the latter population. For PCB 180, both growth scenarios showed relatively poor predictive power for Sharbot Lake, Detroit River, and Lake Hartwell (p>0.05, linear regression). However, the growth scenario 2 improved the model predictions compared with growth scenario 1 for Apsey Lake and Stonelick Lake. Thus, growth scenario 2 provided better prediction in some lake systems. wet weight for Apsey Lake, Sharbot Lake, Detroit River, Stonelick Lake, and Lake Hartwell, respectively. Using 3 activity levels (Figure 3 ), the model was generally able to bracket field-collected Hg data for fish from Apsey Lake, Sharbot Lake, and Detroit River, but not for Stonelick Lake and Lake Hartwell. For Stonelick Lake, the model overestimated the Hg concentration for 2 year old fish, and underestimated the Hg concentration for 3-5 year old fish. For Lake Hartwell, the model underestimates Hg concentration for all age classes.
In general, the fraction of assimilated Hg retained by fish decreased with age across all locations (Table 4 ). The protein growth rate (kg,pro) to total elimination rate (ktot) ratio ranged from 0.02 to 0.79 for Apsey Lake, from 0.04 to 1.06 for Sharbot Lake, from 0.06 to 0.88 for Detroit River, from 0.06 to 0.80 for Stonelick Lake, and from 0.11 to 0.45 for Lake Hartwell. This indicated that growth dilution in many cases approached and in some cases exceeded the magnitude of ktot implying the growth dilution is important for regulating Hg bioaccumulation compared with other elimination routes.
Under the PCB simulation, the C0,PCB values were 0.10, 0.18,0.54, 0.27, and 28.39 ngꞏg -1 wet weight, and Cd,PCB values were estimated as 0.06, 0.10, 0.30, 0.15, and 15.89 ngꞏg -1 wet weight for Apsey Lake, Sharbot Lake, Detroit River, Stonelick Lake, and Lake Hartwell, respectively. The PCB simulations were generally well fitted to the field collected data for all sampling locations except for fish from the Detroit River and Lake Hartwell. For the Detroit River, the model predicted a slow increase while the field data showed a faster bioaccumulation rate. For Lake Hartwell, the model overestimated the PCB 180 concentration for all age classes. Similar to Hg, the fraction of assimilated PCB 180 retained by fish decreased with age across all locations (Table 4 ). The cumulative percentage of assimilated PCB 180 retained by fish was generally higher than that of Hg for all location except for Lake Hartwell. The lipid growth rate (kg,lip) to total elimination rate (ktot) ratio ranged from -0.10 to 1.28 for Apsey Lake, from 0.09 to 2.08 for Sharbot Lake, from 0.05 to 1.36 for the Detroit River, from -0.34 to 1.46 for Stonelick Lake, and from 0.01 to 0.37 for Lake Hartwell. In general, growth dilution plays a major role in regulating PCB bioaccumulation rates as kg,lip became a dominant elimination pathway (pseudoelimination) during the growing seasons (kg,lip / ktot >1). However, growth played a less important role in PCB bioaccumulation compared with other PCB elimination pathways (i.e. chemical loss via respiration, urine, feces, and metabolic biotransformation) for fish from Lake Hartwell which had the lowest lipid content of all fish populations examined.
DISCUSSION
This study simulated Hg and PCB concentrations in Bluegill using a combined non steady state toxicokinetic and bioenergetics model. The simulations were performed under two growth scenarios. Growth scenario 1 required measurements for total growth rate, and growth scenario 2 required measurements for tissue specific growth rate. The results showed that the growth scenario 2 provided improved predictions for Hg in fish from Detroit River (44% improved R 2 ; Table 3), as well as for PCBs in fish from Stonelick Lake (45% improved R 2 ). This could be a result of high variance in protein growth rate of fish from the Detroit River and in lipid growth rate of fish from Stonelick Lake and Apsey Lake. However, the two growth scenarios were nearly identical in their predictive power for Hg and PCB from most other locations. The tissue composition from other locations did not exhibit large differences between age classes which minimized model predicted differences between the two growth scenarios. This study demonstrated that using lipid and lean dry protein growth rate could improve the accuracy of model outcomes, while previous studies usually adopt whole body growth rate in Hg and PCB bioaccumulation models (Trudel and Rasmussen, 2006; Drouillard et al. 2009 ). However, improvement of growth scenario 2 over scenario 1 will only be apparent in populations where proximate tissue growth shows distinct differences compared to whole body growth between age classes. Extending validation data sets to older age classes where growth performance is expected to slow even more or to lake populations experiencing resource shortage stress would be useful for further discriminating against the two growth scenarios.
In this study, the kg / ktot ratio was generally higher for PCB simulations in comparison with Hg simulations. This indicated that growth dilution was a more important process for PCB accumulation compared with Hg accumulation. In addition, kg,lip exhibited much higher variation compared with kg,pro among populations and age classes. Among the age classes of each lake, coefficients of variation for lean dry weight to whole body weight ratios were 0.09, 0.07, 0.09, 0.07, and 0.07, while coefficients of variation for lipid weight to whole body weight ratios were 0.38, 0.19, 0.43, 0.31 and 0.61 for Apsey Lake, Sharbot Lake, Detroit River, Stonelick Lake, and Lake Hartwell, respectively. Moreover, higher variabilities in PCB 180 concentration were observed in comparison with Hg concentration. Among the age classes, the coefficients of variation for Hg concentration were 0.40, 0.21, 0.22, 0.55, and 0.52, whereas the coefficients of variation for PCB concentration were 0.66, 1.21, 1.38, 0.77, and 0.47 for Apsey Lake, Sharbot Lake, Detroit River, Stonelick Lake, and Lake Hartwell, respectively. Since lean dry protein and lipid represent the storage compartments for Hg and PCB respectively, our results suggested that 14 high variabilities in PCB concentrations compared to Hg were partially a result of the highly variable lipid growth rates compared to protein.
Typically, lean dry protein represents a larger fraction of the total body weight of fish, whereas lipid represents a much smaller fraction of body weight and is expected to undergo wider fluctuations across ages and on a seasonal basis compared to protein ). Therefore, PCB concentrations in fish are expected to fluctuate much more compared with Hg concentrations in general. In this study, the goodness of fit tests for Hg were much closer to a 1:1 line compared with that of PCBs (Figure 2) , which indicated that the model outcome for Hg was more accurate compared with PCB 180. This also could be attributed to higher variability in individual lipid growth within and among age classes of fish.
For the present simulations, the fish diet was estimated from YOY fish concentrations reflective of baseline inputs to each lake, and assumed to be constant across age classes in each lake. Thus, model simulations accounted for body size and temperature related changes in feeding rate and age class specific growth/proximate composition but did not consider variability in prey contamination or diet shifts with age. The constant diet assumption was based on past literature. found no significant differences in either carbon or nitrogen stable isotope signatures between age classes (2-5) of Bluegill from Sharbot Lake. Paterson et al. (2006) observed no major shifts in diet for Bluegill from Detroit River. Overall, accounting for population specific growth and applying a constant diet concentration explained more than 80% of the variation (R 2 =0.89) in chemical bioaccumulation for different age classes of Bluegill from five waterbodies (Figure 2) , with a mean explained variation of 83% for Hg and 78% for PCBs, respectively.
However, the isotope data from the present study did provide evidence for dietary shifts for fish from Apsey Lake, Detroit River, Stonelick Lake, and Lake Hartwell. The changes in diet could lead to changes in prey contamination levels with age, leading to poor predictive power of the model in some of the lake systems tested. Indeed, the model generated the poorest predictions for Lake Hartwell (both contaminants) and the Detroit River (PCBs) suggesting that diet shifts and associated prey contamination changes may have been as important or more important to observed bioaccumulation rates than fish growth for these locations. In the case of PCB 180 in the Detroit River, the model fit could be improved by applying an increasing diet concentration with age than generated from the constant diet concentration used in the model simulations. In the case of Lake Hartwell, the nitrogen isotope signature suggested a decrease in trophic level with increasing age of fish, while the PCB concentrations tended to decline with age for this population.
Furthermore, Lake Hartwell and the Detroit River are also known to be contaminated systems. Thus, heterogeneous contamination across diet concentrations is more likely to occur for fish from these systems. Contaminant concentrations tend to be patchy and spatially variable at more contaminated sites, so even small scale movements by fish within the site could profoundly affect their contaminant concentrations and our ability to model them (McLeod et al. 15 2015) . Future study on contaminant levels in Bluegill food items across age classes would be necessary to improve the model inputs, particularly for Detroit River and Lake Hartwell and to further validate the model for these populations.
Another factor not considered by our model is sex based differences in contaminant elimination. PCB elimination from females can be influenced by maternal offloading (Fisk et al. 1998; Russel et al. 1999 ) during spawning events. Overtime these loses can contribute to sex differences in PCB concentrations that can accumulate with age (Laesson et al. 1993) . However, the role of maternal offloading to eggs varies by species. For example, Madenjian et al. (2013 Madenjian et al. ( , 2014 highlighted sex differences in energy expenditures and foraging ranges which for some species and populations appear to play a larger role than maternal deposition to eggs. In contrast, Hg commonly exhibits the opposed pattern of sex based differences in concentration described for PCBs. Males tend to achieve lower Hg concentrations compared to females and males also show higher elimination rates of Hg compared to females suggesting a hormonal interaction with Hg elimination (Madenjian et al. 2016) . Our study did not separate males from females to evaluate sex based differences in chemical concentrations nor did the model consider applying different values of ktot for male and female fish for the two pollutant types. However, these modifications could be readily adopted within the model by separate model parameterization to individual sexes. In addition, fish collections from the different populations occurred at different times of the year which may have captured mature fish under different reproductive states. While this would not likely impact age-accumulated sex differences described for PCBs, it could have influenced our estimates of mean age specific proximate composition. Thus, future research to monitor both seasonal changes in proximate tissue content between ages and sexes a well as contaminant concentrations are necessary to substantiate daily and seasonal patterns in Hg and PCB bioaccumulation estimated by the model.
CONCLUSIONS
A combined toxicokinetic and bioenergetic model that accounts for population specific differences in growth was able to provide accurate prediction of age-specific Hg and PCB concentrations in Bluegill from Apsey Lake, Sharbot Lake, and Stonelick Lake. The poor performance of the model for the Detroit River and Lake Hartwell was attributed to changes in the feeding behavior of fish and associated change in prey contamination, especially for these locations with high heterogeneity in patterns of spatial contamination. Overall, growth and baseline prey contamination inferred from YOY fish concentrations, accounted for 80% of the variation in contaminant bioaccumulation across populations. In the present study, lean dry protein content was normally a constant proportion of the whole body weight of bluegill fish, whereas lipids exhibited higher seasonal and annual variation leading to discrepancies in the bioaccumulation trajectories and individual variation observed for Hg and PCBs. These results support a conclusion that age specific differences in lipid growth plays a role in explaining differences in PCB bioaccumulation rates among fish populations whereas more consistent growth of lean dry protein contributes to less variation in bioaccumulation slopes for Hg in fish populations between systems.
Supplemental Data
Information regarding the procedures for THg, PCBs, nitrogen and carbon stable isotope analysis, age determination, as well as water temperature sub-model development is available on the Wiley Online Library. Supplemental information are included with this accepted manuscript publication. 
SUPPLEMENTARY MATERIAL
Laboratory analysis
THg concentrations were determined using a Direct Mercury Analyzer (DMA-80, Milestone Inc.). A 10 point calibration curve, using a certified standard (High-Purity Standards, Charleston, USA), was used for calibrating the instrument. Approximately 0.20 g fish homogenate was weighed on a clean nickel boat, and then placed on an autosampler. Method blanks, certified reference tissues (Dorm-3 and Dolt-4, National Research Council Canada), and in house standards (BT-Cnt2L and W-CntVG) were also analyzed for every 30 samples as quality assurance. Sample moisture contents were determined gravimetrically. The mean relative percent from deviation from duplicates was 7±5%, and recoveries averaged 95±7% PCB concentrations were determined using an Agilent 6890 Series Plus gas chromatograph (GC) equipped with a 63Ni-micro electron capture detector and an Agilent 7683 auto sampler and a 60 m × 0.25 mm × 0.10 µm DB-5 capillary column. The PCB analysis method is described in . Approximately 0.5 g of whole fish homogenate was weighed, and added to a glass mortar with 15g of activated Na2SO4. After being ground with a glass pestle, the mixture was packed into a micro extraction column with 25 mL of 1:1 mixture of dichloromethane:hexane (DCM:HEX) extraction solvent. Each column was spiked with 35 ng PCB 34 as a recovery standard. The column was eluted after one hour, followed by adding another 15 mL of DCM:HEX. Sample lipid contents were determined gravimetrically using 10% of the extraction volume. Clean-up of sample was completed by activated Florisil, followed by concentration to a volume of 1 mL for GC-ECD analysis. Internal standard (PCB34), a method blank (sodium sulfate) and an in-house tissue reference sample (Detroit River carp [Cyprinus carpio]) were also co-analyzed for every six samples as quality assurance. The PCB concentration of each sample was corrected by its corresponding method blank. The mean relative percent difference from the in-house tissue reference sample was 16±9%, and PCB 34 recoveries averaged 73±15%.
The stable isotopes analysis method was described in . An elemental analyzer (Costech, Valencia, CA, USA) as well as a ThermoFinnigan Delta Plus mass spectrometer (ThermoFinnigan, San Jose, CA, USA) were used for determination of δ 15 N and δ 13 C values. Approximately 1 g of whole fish homogenate was freeze-dried for 48 h, then ground into a fine powder with a glass mortar and pestle. Lipids were removed by 2:1 v/v chloroform:methanol. Then, the sample was allowed to dry in the fume hood with the caps removed for 24-48 hrs. Approximately 2 mg of the dried and lipid extracted material was weighed and put into a tin capsule. Ratios (R) of heavy to light nitrogen or carbon in the sample relative to that of the standard material was calculated as follows: δ ). An internal lab standard of tilapia muscle and also NIST1577c (standard bovine liver) reference material were also analyzed for every 10 samples. The mean differences from the certified values were ≤ 0.14 ‰ and ≤ 0.04 ‰ for δ 15 N and δ 13 C, respectively.
Age determination. The procedures for age determination are described in . The sagittal otoliths were removed from individual fish, then cleaned by forceps and distilled water. The otoliths were polished from both anterior and posterior directions toward the core using coarse (120 grit, 115 mm) and fine (3 mm) sandpaper (Ali Industries Incorporated, Fairborn, Ohio) until the annuli were readable under microscope. Fish age was determined by counting the annuli on the otolith of each fish. All otoliths were evaluated double blind by three individuals to avoid bias. Literature-based length at age ranges for Bluegill (Scott and Crossman, 1973) were also used for age estimation when there were discrepancies among the readers. For fish where no annulus could be identified from the otolith, age was defined as young of the year (YOY).
Water temperature sub-model
Annual water temperature cycle was estimated for each of the five waterbodies based on local air temperature, due to the unavailability of in situ field data. Daily air temperatures from Nov. 2015 to Oct. 2016 in the closest city for each lake were obtained from on-line weather reports. Since the littoral zone responds faster to air temperature changes than the whole lake and Bluegill are mainly present in this area (McCobie, 1959; Wilson et al. 1996) , average air temperature over 10 days was used as a proxy of littoral water temperature with some modification. The maximum and the minimum water temperature was each set to 28 °C and 1 °C, respectively. A polynomial function was fitted to the 10 d averaged temperature pattern for the 2015-2016 annual cycle for each lake, and then the function was used to predict daily water temperature within a year. The daily water temperature curve was repeated for five years to generate a five year littoral water temperature profile for each lake. The sampling date of each lake was set to day 0 for the corresponding lake simulations.
